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DARK HORSE 2 - REAL-TIME DETECTION OF MILITARY GROUND TARGETS
USING AN INFRARED HYPERSPECTRAL IMAGING SENSOR

1. EXECUTIVE SUMMARY
The Dark HORSE 2 program has realized the following accomplishments:
o Successfully integrated real-time processor with SEBASS LWIR system.
¢ Demonstrated real-time airborne LWIR detection of targets with good ROC performance using
two simultaneous anomaly detection algorithms (s-RX and LBG).
e Fully corrected, calibrated LWIR data cubes obtained in real-time.
e Obtained high-quality data sets (LW&MW) for use in development of tactically-robust

algorithms.
2. INTRODUCTION

The need for strategic military surveillance of critical ground targets has been well recognized in the
military community. Multispectral and hyperspectral sensors offer the possibility of exploiting the spectral
differences between targets of interest and local backgrounds as a detection discriminant. In addition, rapid
developments in computing power and anomaly detection algorithms have led to the possibility of real-time
target identification and location. These developments combined with the results of NRL’ four-year
Multispectral Overhead IR/EO Surveillance (MOVIES) program [1] have led to Project Dark HORSE, a
four-year four-phase follow on program to develop real-time hyperspectral detection, cueing and target
location capabilities. In the first phase of this program, Dark HORSE 1, it was demonstrated that a visible
hyperspectral sensor could be used for the autonomous, real-time detection of airborne and military ground
targets [2-4]. In the recently completed’second phase of the program, Dark HORSE 2, it has been
demonstrated that a long-wave infrared hyperspectral sensor can be used in the same manner, with the
advantages of improved detection performance and day/night flying capabilities.

The following provides an overview of the Dark HORSE 2 (DH2) long-wave infrared (LWIR)
hyperspectral sensor system and the recent field experiment in which it was employed. The system
hardware components, software interface and processing methods are described in detail. A description of

the test flight profiles is given and a preliminary analysis of the collected data is presented.
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3. DATA COLLECTION INSTRUMENT (Dark HORSE 2)

The complete DH2 system is composed of three components, a mid wave infrared (MWIR) and long
wave infrared (LWIR) hyperspectral sensor, a sensor controller and a real-time processor. Respectively,
Figure 1, Figure 2 and Figure 3 show the sensor, the controller, and the real-time processor installed aboard
a Twin Otter aircraft (Figure 4), the airborne platform used for this field test. The hyperspectral sensor and
sensor controller, SEBASS (Spatially Enhanced Broad-band Array Spectrograph System), were provided by
the Aerospace Corporation, Los Angeles, CA. The Space Computer Corporation, Santa Monica, CA
Monica and the Naval Research Laboratory, Washington, DC, jointly developed the real-time processing

system.

Figure |1: Dark HORSE 2 Sensor (SEBASS). Figure 2: Dark HORSE 2 System Controller.



Figure 3: Dark HORSE 2 Real-Time Processing System.

Figure 4: Dark HORSE 2 Airborne Platform — Twin Otter.

The hyperspectral sensor is a dispersive imaging spectrograph operating concurrently in the MWIR
and LWIR spectral regions with broad-band spectral coverages of (2.5 - 5.3 um) and (7.8 — 13.4 pm),
respectively. The system is ruggedized for airborne applications and has demonstrated high stability and
low noise performance. The sensor operates in a pushbroom mode by forming a dispersed image of the
entrance slit onto the two two-dimensional arrays. The two focal plane arrays, one for the MWIR and one

for the LWIR, are each 128 x 128 pixels x 14 bits deep. For both arrays one dimension gives spectral



information and the other dimension gives spatial information in the cross-track direction cross-track.
Scanning the slit across the scene of interest using aircraft motion gives spatial information in the down-
track direction and results in a three-dimensional hyperspectral data cube. The sensor operates in a nadir-
only mode with an instantaneous field of view per pixel of approximately | mrad. Nadir-only viewing is
accomplished using a roll stabilization platform. Pitch and yaw stabilization and forward velocity correction
are not employed.

Figure 5 shows the optical layout of the spectrograph. Light from the scene of interest is imaged on
the spectrograph entrance slit by a three-mirror anastigmatic telescope whose f/ratio is £/7.2. A dichroic
beamsplitter that reflects wavelengths shorter than 6.5 um and transmits longer wavelengths separates light
exiting the slit. Use of the dichroic beamsplitter guarantees that both spectrograph channels view the same
scene simultaneously. Long wavelength light is dispersed by a spherical-faced prism/conic mirror
combination and is imaged onto a focal plane array through a zinc selenide lens. The mid-wave infrared
light, which is reflected by the dichroic beamsplitter, is dispersed by a spectrograph that is similar in design
to the LWIR channel but uses a lithium fluoride prism. The LWIR and MWIR channels each have a

resolution of about 4 cm™ or 0.050 wm per pixel and 0.025 um per pixel, respectively.

SEBASS Opto-Mechanical Layout

P

180mm EFL TMA TPt
TELESCOPE o_'@l;@

©)

7 R
+;

T MWIR FPA

NG/ &
SRR
MLWIR ow e
BEAMSPUITTER S Na

* Optical design based on patented spherical prism system
e Telescope on cold optical bench (1-inch beam)

Iﬂg AERQSPACE
I CORPORATION

Figure 5: Dark HORSE 2 (SEBASS Sensor) Opto-Mechanical Layout.

The sensor is controlled by a Sun Sparc-20 computer using a data handling system built around a
VME bus system. The user interface provides a method of entering required input parameters such as

archival file names and camera frame rates and provides a means of starting and stopping data collections.



The controller is also responsible for all data handling. Figure 6 is a schematic of the sensor controller’s
data handling system. All of the clock signals that control the operation of the focal plane multiplexers and
the timing signals for the analog-to-digital converters are generated by a programmable microsequencer
whose timing control can be adjusted in 67 nanosecond increments. Each array has four independent
channels that read the signals from four consecutive pixels along the spectral axis per clock cycle. The four
analog signals from the arrays are amplified and converted to digital data by high-speed 14-bit analog-to-
digital converters. The digital data are passed directly to a special-purpose “co-adder” board that computes
the difference between the signal and reset values and co-adds data from successive frames. Although the
system is capable of taking data without differencing, it typically operates in a mode where the signal is
computed as the difference between the voltage at the end of integration and the voltage when the
multiplexer is reset. This approach reduces common-mode noise at the cost of a small increase in random
noise since two noisy voltage readings are differenced. Differencing also avoids problems with dc drifts in

the preamplifiers that can introduce systematic errors in the measured signal.
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Figure 6: Dark HORSE 2 (SEBASS Sensor) Schematic Diagram of the Data Handling System.

Each frame of data can be digitally co-added to the sum of a selectable number of previous frames
using a 24-bit adder. This feature allows frame data to be stored at a slower rate than the focal plane frame
rate. At the read rate of four pixels per clock cycle and a cycle interval of 1 pisec, the entire array is read in
4096 usecs, which is approximately a rate of 244 frames per second. At a lower frame rate the multiplexer

summing capacitor would become saturated before the end of the integration time. The co-adder effectively



allows the infrared signal to be integrated off the multiplexer without loss of signal; it also allows the output
frame rate to match the rate at which the image moves across the ground. For example, the Twin Otter
aircraft used for this experiment had a typical ground speed of 120 knots or about 62 meters per second.
Thus, to achieve one sample in a ground distance of | meter, four successive data frames were added
together to give an effective output data rate of 61 frames per second. During a collection data from the
co-adder is sent to a cache RAM that has a 384 Mbyte (6134 frame) capacity. At the end of each data

collection, data from the cache RAM is transmitted via a VME bus to the host Sparc-20 computer for storage

to disk and tape.
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Figure 7: Available Dark HORSE 2 Waterfall Displays.
Broadband (left), 3-Color Spectral Composite (middle) and 3-Band Principal Component Composite (right).

Two anomaly detection algorithms, a subspace RX [3,5,6] and LBG clustering [3,7-9] algorithm, are

run in parallel using a real-time data processing system. The real-time processing system consists of two



200 MHz Pentium Processors with DSP subsystems (8 Analog Devices SHARC). The first processor
performs flat fielding, bad pixel interpolation, smile correction, spectral binning, radiometric calibration, and
archives all raw and calibrated data. The second processor runs the two detection algorithms, generates cue
files, outputs waterfall display data, and archives all detector outputs, target cues and user inputs. A custom
software application runs under the Microsoft Windows NT operating system and provides the user a means
of changing algorithm parameters and thresholds. The software also gives the user data output in the form
of a several different real-time waterfall displays, based on a broadband spectral output, a 3-color spectral

composite output or a 3-band principal component composite output (Figure 7).
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Figure 8: Dark HORSE 2 Waterfall Display Showing Anomalous (Cued) Pixels.

RX detection (red), LBG detection (blue) and coincident detection (green).



During operation, the waterfall display can be overlaid with a map of the anomalous (cued) pixels.
Figure 8 shows a portion of a Dark HORSE waterfall display over a region of interest. The display
highlights pixels identified as anomalous by RX detection (red), LBG detection (blue) and coincident
detection (green). It should be noted that all of the targets of interest used in this field test could be
identified with acceptably low false alarm rates using coincident detection. Algorithm performance is

discussed below in greater detail.
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For the subspace RX algorithm the user can define the wavelength bands used for spectral analysis,
the number of lines used for recursive filtering, the PC bands used for RX data modeling and size of the
employed spatial filter (Figure 9). For the LBG clustering algorithm the user can define the wavelength
bands used for spectral analysis, the number of clusters employed, the number of lines used for initialization
and decimation, the number of clustering iterations used during initialization and operation, and the size of
the employed spatial filter (Figure 9).

The following provides an overview of system specifications for the hyperspectral sensor and

controller and real-time processor. Some typical flight parameters are also listed.

Hyperspectral Sensor and Controller

(Developed by Aerospace)

Spectrometer Type Dispersive Prism
MWIR Wavelength Range 25-53um
LWIR Wavelength Range 7.8 —13.4 um
MWIR CCD Array 128 x 128 PtSi
LWIR CCD Array 128 x 128 PtSi
Frame Rate 244 Hz with 4 co-adds = 61 Hz
Pixel Depth 14 bit .
Output Data Size (Raw) 128 Pixels x 128 Bands x 16 bit Precision
Real-Time Processor
(Developed by SCC and NRL)
Platform Pentium Pro, 200 MHz
DSP Processor 8 Analog Devices SHARC

Peak Processor Power

> 1Glop/s

Algorithm #1

Subspace RX with Spatial Filtering

Algorithm #2

LBG Clustering with Spatial Filtering

Output Data Size (Calibrated)

128 Pixels x 30 Bands x 32 bit Precision




4. FIELD DATA

All field data were collected over the Chicken Little Compound, Eglin Air Force Base, FL during
the dates of November 1-10, 1998. An aerial photo of the compound is shown in Figure 10. Outlined on
this photo are six of twelve target sites. The target sites (#3, #4, #5, #6, #7, #9) were of interest for this
collect due to the military vehicles and/or materials that were present. Vehicles of interest included T-72
tanks, 2S-3 152mm self-propelled howitzers, 2S-1 122mm self-propelled howitzers, ZIL-131 trucks, GAZ-
66 trucks, artillery command and reconnaissance vehicles (ACRVs), artillery radars (Big Freds), MAZ-543
P Transporter-Erector-Launchers (TELs), SS-1 Scud B missiles, ZIL-131 support vehicles, BTR-70 APC
security vehicles, SA-06 SAM TELs, SA-08 SAM TELs, SA-13 SAM TELs, URAL-4320 reload vehicles,
URAL-375 surrogate radar vehicles and ZSU-23-4 quad 23mm self-propelled anti-aircraft gun systems.
Materials of interest included various aluminum panels (CARC, black-sprayed and flame-sprayed),
aluminized plastic panels, fiber-glass panels, rubber sheets, military canvases and parachutes, Swedish
Barracuda camo kits, TRACOR CC&D camo kits, Soviet Woodland camo kits, East German Garnish and
Woven camo kit, and a diverse range of soil types and moisture contents, ranging from untrafficable (pond,

marsh) to trafficable.

Figure 10: Aerial Photo of the Chicken Little Compound, Eglin Air Force Base, FL.
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Preliminary analysis of the collected data has been performed on the LWIR data, which is known to
be of better quality than the MWIR data. Also, for the purposes of these preliminary studies only data sets
pertaining to mission 3 site 4 and mission 3 site 6 have been examined for algorithm performance. These
sites have been chosen because the targets are known to be of strong interest to the military community.
Furthermore, site 4 has been emphasized because the performance of the currently used RX and LBG
algorithms will be compared to future change detection algorithms (that are currently under development).
Figure 11 and Figure 12 outline the relative positions of the targets for site 4 and site 6 respectively.

All field data were collected at altitudes between 850 and 870 m and at relative ground speeds
between 110 and 120 m/s. For this study the sensor collected data using both the MWIR and LWIR
detectors operating at a co-added frame rate of 61 Hz. This resulted in a hyperspectral cross-track ground
pixel size of 0.9 m and a down-track ground pixel size of 1.0 m. The number of frames collected for each of
the data collects ranged between 500 and 4500 frames and corresponding path lengths of 500 and 4500
meters, respectively. Measurements were collected under varying combinations of cloud cover (clear to
cloudy) and light conditions (mid-day to mid-night). In total 83 field data sets were collected and 65 of
those data sets have been deemed “good” based on a preliminary quick-look analysis. A detailed listing of

the collected data sets with file names and brief annotations is provided in the appendix.

5. RESULTS AND DISCUSSION

Figure 13 and Figure 16 show a series of images used in determining the performance of the RX and
LBG algorithms for site 4 and site 6. For both figures the first image (A) is a broadband image of the
collected data used for identification of the target region of interest. The second image (B) is a 3-color
principal component (PC) image used for making a target truth mask. The truth mask has been overlaid and
the targets are highlighted in pink. The third image (C) is the RX detection output using optimized
algorithm parameters. The detected pixels are highlighted in red. And finally, the fourth image (D) is the
LBG detection output using optimized algorithm parameters with the detected pixels highlighted in blue. It
should be noted that the presented images only represent a subset of the collected data sets. The data sets
were examined in their entirety when determining algorithm performance.

Respectively, Figure 14 and Figure 15 show the RX and LBG Receiver Operating Characteristic
(ROC) curves for site 4. Figure 14 gives an overlay of RX ROC performance using the in-flight algorithm
parameters (dashed black line) and using the post-flight optimized algorithm parameters (solid red line). For
the in-flight RX analysis the thermal PC (PC1) and the leading five color PCs were projected out. For the
post-flight RX analysis the thermal PC and only the first two color PCs were projected out. Figure 15 gives

an overlay of LBG ROC performance using in-flight (dashed black line) and post-flight algorithm



parameters (solid blue line). The in-flight LBG analysis employed eight background-dominated color PCs
and clustered data into ten classes while the post-flight LBG analysis retained all 29 color PCs and used only
three classes. As expected, Figure 14 and Figure 15 show that the algorithms perform better using the
optimized post-flight parameters. It is also evident from Figure 14 and Figure 15 that for a 50% Probability
Of Detection (Pp) a False Alarm Rate (FAR) on the order of one to ten per square kilometer is achievable.

Figure 16 and Figure 17 show the RX and LBG ROC curves for site 6. Like the previous figures an
overlay of RX and LBG ROC performance using in-flight and post-flight optimized algorithm parameters
are shown. Some algorithm parameters are different from those used for site 4. For the in-flight RX
analysis the thermal PC (PC1) and the leading eleven color PCs were projected out and for the post-flight
RX analysis, the thermal PC and the first two color PCs were projected out. The in-flight LBG analysis
employed eight background-dominated color PCs and clustered data into ten classes and the post-flight LBG
analysis retained all 29 color PCs and used only five classes. Again, as expected, the algorithms perform
better using the optimized post-flight parameters. However, at a 50% Pp site 6 gives a somewhat higher
FAR ( > ten per square kilometer) than that achieved for site 4.

It should be noted that for both site 4 and site 6 the RX algorithm performs significantly better than
the LBG algorithm. An evaluation of algorithm fusion and its effects on performance is currently under
way. Based on the results of Dark HORSE 1 it is expected that some improvement in reducing FAR for a
given Pp will be achieved. The evaluations of several other algorithms are also currently under
investigation. While a detailed explanation of these algorithms is far beyond the scope of this document a
brief list follows. Algorithms employing traditional matched filter methods and matched filter variants, such
as interrupted matched filters and subspace interrupted matched filters are being explored. Algorithms based
on background modeling are also under development. These include linear mixing model, stochastic mixing
model and clustering based methods. In addition to these purely spectral based algorithms there are also
ways to exploit other degrees of freedom available in the collected data sets. Chronochrome target detection
(change detection) is being examined as a means of identifying targets through exploitation of spectral
changes over time. Finally, the use of spatial information is also being pursued. Efforts to use texture
models to identify targets and spectral based region growth methods to cluster spatially related pixels are
both under way. The fusion of the above detection algorithms is expected to greatly reduce FARs and the

results of these studies will be presented in future documents.
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Figure 13: Mission 3 Site 4 Detection Results. (A) Broadband Image, (B) Color PC Image with Target
Truth Mask, (C) Optimized RX Detection Output and (D) Optimized LBG Detection Qutput.



Probability of Detection

0.5+

Probability of Detection

m3s4n83n

—
|
e,
~
'~

\
4

e

|

-
— SSRX w/ Optimized Parameters
----- SSRX Computed In-Flight
0 T T T T TITTT T T T T T T TTIT] T
le~06 1e-05 0.0001 0.001 0.01
Probability of False Alarm per Square Meter
Figure 14: Mission 3 Site 4 RX Detection Results.
m3s4n83n
5 r
]
r
',_J
0.5+ ‘i
........ -4
LBG w/ Optimized Parameters
---- LBG Computed In-Flight
0 T T T T T U VT T TTTTITT T T T
le—06 le~05 0.0001 0.001 0.01

Probability of False Alarm per Square Meter
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Figure 16: Mission 3 Site 6 Detection Results. (A) Broadband Image, (B) Color PC Image with Target
Truth Mask, (C) Optimized RX Detection Output and (D) Optimized LBG Detection Output.
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6. SUMMARY

The preceding has provided an overview of the DH2 hyperspectral sensor system and the recent
field experiment in which it was employed. Successful integration of the NRL. DH2 real-time processor and
the SEBASS LWIR sensor has been achieved. Field tests demonstrated real-time airborne LWIR detection
of targets with good ROC performance using two simultaneous anomaly detection algorithms (s-RX and
LBG). And finally, numerous fully corrected and calibrated LWIR data cubes were obtained in real-time.

These high-quality data sets (LW&MW) will be used for future development of other tactically robust

algorithms.
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